We explore an opportunity to induce and control tetragonal distortion in materials. The idea involves formation of a binary alloy from parent compounds having body-centered and face-centered symmetries. The concept is illustrated in the case of FeNi1−xCox magnetic alloy formed by substitutional doping of the L10 FeNi magnet with Co. Using electronic structure calculations we demonstrate that the tetragonal strain in this system can be controlled by concentration and it reaches maximum for x = 0.5. This finding is then applied to create a large magnetocrystalline anisotropy (MAE) in FeNi1−xCox system by considering an interplay of the tetragonal distortion with electronic concentration and chemical anisotropy. In particular, we identify a new ordered FeNi0.5Co0.5 system with MAE larger by a factor 4.5 from the L10 FeNi magnet.
Controlling tetragonal distortion in solids is a common approach to improve properties of functional materials. The tetragonal strain decreases the symmetry of the system allowing for a number of effects which are, otherwise, forbidden in cubic structures. From a different perspective, such distortions can be used to tune materials properties for desired applications or to induce a phase transition in the system creating a new functional phase.
Experimentally, tetragonal distortions are typically realized by coherent growth of the material on a latticemismatched substrate or buffer. However, such distortions can exist only for ultrathin layers since for thicker films the strain is released by formation of dislocations. Therefore, this approach is unsuitable when large samples are required for applications. For bulk systems one can attempt to create tetragonal strain by interstitial doping with small atoms (i.e., C or B) but such approach is difficult to control and usually only modest strains can be achieved.
The problem of controlling tetragonal strains in cubic systems is of great importance in the field of permanent magnetism. Due to recent supply shortage of rare-earth elements it is, currently, crucial to design new rare-earth-free and high-energy-product permanent magnets.
1,2 From this perspective, transition metal magnets (Fe, Co, Ni, and their alloys) are especially promising class of materials since their relatively high magnetization could potentially lead to large energy products. In addition, these materials typically have large Curie temperatures that makes them ideal for high temperature operations. Unfortunately, transition metal magnets often crystallize in cubic structures for which the second order contribution to the magnetocrystalline anisotropy energy (MAE) is zero by symmetry. This results in a low MAE (∼ 1 µeV/atom) which severely limits applications of these materials as permanent magnets. A notable exception is a marginally stable form of FeNi called tetrataenite 3 that has a tetragonal L1 0 structure and a sizable MAE (≈ 40 µeV/atom). 4 This suggests that a much larger MAE could be realizes in unstable families of transition metal magnets with a built-in tetragonal distortion. This concept was supported by electronic structure calculations. 5, 6 In particular, MAE as large as 800 µeV/atom has been predicted for a strained (c/a ≈ 1.23) FeCo system. 6 Large MAE was, indeed, observed for ultrathin layer of strained FeCo epitaxially grown on lattice-mismathed substrate.
7-9
Here, we propose a strategy for tuning tetragonality in materials by mixing compounds with body-and facecentered symmetries. As a realization of this idea, we consider formation of a FeNi 1−x Co x alloy from B2 FeCo and unstable L1 0 FeNi parent compounds. Using first principles electronic structure calculations we demonstrate that the tetragonal strain can be naturally tuned by concentration with a maximum around x = 0.5. Further, the MAE FeNi 1−x Co x is analyzed. We show that for a random alloy MAE remains low despite the presence of strong tetragonal distortion. However, a large MAE (180 µeV/atom) can be achieved for an ordered structure created by vertical stacking of FeNi and FeCo layers.
The key idea follows from the observation that the face-centered cubic (fcc) lattice can be viewed as a body centered tetragonal (bct) lattice with the c/a ratio equal to √ 2 (see Fig. 1 ). Consequently, the body centered cubic (bcc) lattice can be obtained from the fcc lattice by the appropriate compression so that c/a = 1. Both for c/a = 1 and c/a = √ 2 the system has a cubic symmetry. However, for intermediate c/a values the solid has a tetragonal distortion. This transformation is known as continuous Bain transformation and has been observed experimentally. 10 Let us now consider two cubic (or nearly cubic) material with similar atomic volumes but different structures. One has a face-centered symmetry and the other one has a body-centered symmetry. According to the above discussion, we can expect that an alloy formed from these two materials has a crystal structure corresponding to an intermediate point along the Bain transformation path with a tetragonal strain that is controlled by concentration.
The above concept can be realized in the FeNi 1−x Co x alloy formed by substitutional doping of the L1 0 FeNi magnet with Co at the Ni site. Within the bct lattice L1 0 FeNi has c/a ≈ 1.424 that is slightly larger from the ideal fcc value (c/a = √ 2).
11 If all Ni atoms are replaced by Co, we obtain FeCo intermetallic compound with the CsCl structure. This system has a cubic body-centered symmetry with c/a = 1. According to the discussion in the previous paragraph, we, therefore, expect that for partial Ni-Co substitutions the resulting FeNi 1−x Co x alloy will develop a sizable tetragonal distortion. Below, we investigate this system using first principles electronic structure calculations.
In order to model doping we used 2×2×1 and 1×1×N (N = 2, 3, 4) supercells with respect to the primitive bct cell of the parent compounds. The 2×2×1 supercell was The calculations were performed using the density functional theory with PBE exchange-correlation functional. The Kohn-Sham equations were solved using the projector augmented wave method 12 as implemented in the VASP code 13, 14 . The cutoff energies for the plane wave and augmentation charge were 270 eV and 545 eV, respectively. For the primitive bct cell we used 12×12×12 24×24×24 Γ-centered k-point mesh for relaxation and anisotropy calculations, respectively. For larger cells the k-point mesh was scaled accordingly. The lattice parameters and the ionic positions have been relaxed until the Hellmann-Feynman forces were converged to less than 0.01 eV/Å. MAE has been calculated using the force theorem. The site-resolved MAE were calculated using the approach described in Ref. 15 . Figure 3 (top) shows the concentration dependence of c/a ration and the tetragonal strain both for disoredered and ordered FeNi 1−x Co x alloy. Here, the tetragonal strain is defined as
We observe that under doping the c/a smoothly decreases from nearly fcc value down to the bcc value. Consequently, the tetragonal distortion develops for intermediate dopings. In particular, ǫ T depends strongly on concentration and it reaches maximum of 18% at x = 0.5. Importantly, we find that both c/a and ǫ T have a weak dependence on doping configuration. In fact, both disordered and ordered FeNi 1−x Co x alloy have similar a concentration dependence of c/a and ǫ T . These results indicate that the tetragonal distortion in FeNi 1−x Co x alloy can be controlled by doping concentration.
Let us now consider the magnetic properties of FeNi 1−x Co x alloy. The calculated spontaneous magnetization as a function of concentration is shown in Fig. 3 (bottom) . As seen, the magnetization is virtually independent on doping configuration and it increases smoothly with x starting from 1.6 µ B /atom value for FeNi to 2.3 µ B /atom for FeCo.
In the case of MAE the situation is much more complicated. Concentration dependence of MAE is shown in the middle panel of Fig. 3 both for disordered and ordered alloy. As discussed in the introduction, the development of a strong tetragonal strain for intermediate doping concentrations may lead to an enhancement of MAE. For disordered FeNi 1−x Co x alloy, however, this is not the case. In fact, in this case doping with Co results in MAE being even smaller than for L1 0 FeNi compound despite the increase of ǫ T . This result reflects a fragile nature of MAE which, in addition to tetragonal strain, depends also strongly on electronic concentration and chemical anisotropy in the system. The complex interplay between these three factors for FeNi 1−x Co x alloy can be illustrated by plotting site-resolved MAE 15,16 as a function of Co concentration, see Fig. 4 . As seen, for pure FeNi, the Fe atom has a large contribution to MAE above 100 µeV. On the other hand, the increase of electronic concentration for the Ni atom leads to a significant negative contribution to MAE resulting in a rather moderate total MAE for this compound. In the case of the disordered FeNi 1−x Co x alloy, the Co doping results in a strong reduction of the Fe contribution which becomes even negative for large x. On the other hand, the Ni contribution to MAE changes somehow with concentration but it always remains negative. The Co atoms contribution to MAE varies strongly with x starting from large negative values for low concentrations to moderate positive values for larger x. Note that the electronic concentration for each specie remains approximately the same as x increase. Therefore, since the tetragonal distortion remains positive for all concentrations, we can conclude that this is the chemical anisotropy mechanism that is responsible for the reduction of the Fe contribution and the strong variation of the Co contribution with doping. Indeed, for the disordered alloy the atomic environment of Fe and Co atoms changes with doping. The chemical anisotropy mechanism can be, thus, controlled by alloy ordering. In the case of the layered ordering shown in Fig. 2 (left) the chemical anisotropy of the parent compounds is preserved. The corresponding siteresolved contributions to MAE are shown in Fig. 4 (bottom). As seen, the Ni contribution as a function changes somewhat as a function of Co concentration but, similarly as in the case of disordered alloy, it remains negative for all dopings. This indicates that the Ni contribution is primarily controlled by the electronic concentration. However, the concentration dependence of both Fe and Co contribution changes completely when the atomic ordering is introduced. Indeed, the Fe contribution has a rather weak doping dependence and remains large and positive for all x. Therefore, the chemical anisotropy mechanism is crucial in this case. The Co contribution is also positive for all x but its magnitude changes significantly with the concentration. and the dependence roughly follows ǫ T . More specifically, the concentration dependence for large and small x the Co contribution is close to the Fe one but for intermediate doping concentrations the Co contribution shows a strong increase and for x = 0.5 it reaches a gigantic value above 400 µeV. This indicates that the Co contribution is controlled both by both tetragonal distortion and chemical anisotropy mechanisms.
As a result of the strong increase of the Fe and Co contributions, the total MAE of the ordered FeNi 1−x Co x alloy is significantly larger than in the case of the dis- ordered alloy (see Fig. 3 ). More importantly, for the ordered alloy the MAE dependence on concentration roughly follows the ǫ T dependence and it becomes significantly enhanced for intermediate dopings. In particular, for FeNi 0.5 Co 0.5 system MAE is as large as 180 µeV/atom. The corresponding anisotropy density constant is equal to 2.4 MJ/m 3 which is almost half of the room temperature anisotropy density constant of Nd 2 Fe 14 B. Moreover, we found that there is a potential for further enhancement of MAE by increasing the tetragonal strain (for example by suitable interstitial doping or epitaxial growth). This is illustrated in Fig. 5 where the MAE of the ordered FeNi 0.5 Co 0.5 compound is plotted as a function of the c/a ratio (the in-plane lattice parameter was set to the equilibrium value for FeNi 0.5 Co 0.5 ). As seen, MAE above 200 µeV/atom could be realized in this system. It should be also pointed out that the magnetization of FeNi 0.5 Co 0.5 is equal to 1.85 T which is significantly larger than that of typical rare-earth-based magnets. Therefore, large energy products can be potentially obtained in FeNi 0.5 Co 0.5 making this system a very promising material for permanent magnet applications. Experimental efforts to realize FeNi 0.5 Co 0.5 material by epitaxial growth are currently underway.
In summary, we investigated a new route to introduce and control tetragonality in materials. The idea is based on the Bain transformation and involves combining materials with face-and body-centered symmetries. This concept was illustrated using an example of FeNi 1−x Co x alloy obtained by doping the L1 0 phase of FeNi with Co. Using first principles electronic structure calcula- tions we demonstrated that the the tetragonal strain increases with doping and it reaches maximum for x = 0.5. This result was subsequently used to engineer strong MAE in the FeNi 1−x Co x alloy. MAE for this system was shown to be a result of complex interplay between tetragonal distortion, electronic concentration and chemical anisotropy mechanisms. We demonstrated that large MAE can be achieved for layered-ordered FeNi 1−x Co x alloys. In particular, we identified the FeNi 0.5 Co 0.5 compound with large MAE of 180 µeV/atom.
